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		  1. abstract this paper deals with a new concept applied in designing low-voltage power mosfets that are suitable for high-current low-voltage converter applications. the layout of the proposed device family overcomes the traditional cell structure by a new strip-based geometry. they present interesting characteristics due to the advanced design rules typical of vlsi processes and strong reduction of the on-state resistance. further, the technology process allows a significant simplification of the silicon fabrication steps, thus allowing to enhance the device ruggedness. the high current handling in switching conditions (up to 150a) with a breakdown voltage in the range between 20-50v in a convenient package solution give the correct answers to the low-voltage range switch applications. this paper starts with the description of the main technology issues in comparison with that of standard devices, particularly focusing on the innovations and the improved performances. moreover, a detailed characterization of the mosfet behavior in a traditional test circuit as well as in an actual ac motor drive for wheel chair applications are presented and discussed. 2. introduction. higher efficiencies are expected nowadays in the field of power converters for battery-powered systems. as industrial and commercial applications of these systems are increasing more and more (laptops, portable equipment, home appliances, electric assisted bikes, electric scooters, wheel chairs, mobiles, etc.), higher efficiencies become of major interest in order to meet the user requirements of long-lasting behavior with the same battery charge. to do that, researchers have made dramatic efforts in designing new converter structures, in increasing the converter switching frequency and in conceiving innovative power devices. generally speaking, battery powered systems require low-voltage switching devices (AN1506 application note a motor drives system for wheelchair applications g. belverde - c. guastella - m. melito - a. raciti

 AN1506 - application note 2/14 the strip-based layout is a new approach [2], which allows using a simplified process for implanting the body and isolating the poly silicon gate from the source. the new technology is very effective in eliminating the limit of the cell-based layout, which relies on the capability to open smaller and smaller windows on the poly silicon area in order to obtain greater cell-density figures. with the strip-based layout, mosfet devices show improved performances and a simpler manufacturing process. moreover, they benefit of the well-established and advanced design rules typical of vlsi processes. on-state resistance values as low as 1.2m w  can be reached, but the overall mosfet design must account for the best trade-off of a merit figure, which is the product of the on-state resistance and the gate charge values (r on  q g ). in this paper the main issues of the new technology are briefly recalled, and the device structure is described and discussed. the static and dynamic characteristics of devices belonging to this new family of mosfets are presented and compared with those of more traditional ones. conventional experimental tests have been carried out and are discussed aiming to determine the impact of turn on and turn off energy loss [3]. a low-voltage battery-powered converter for wheel chairs is used as a workbench for an application-oriented characterization. some relevant tests are reported and discussed. a detailed analysis is done on the conduction and switching losses and the thermal behavior in the actual application. 3. main technology issues of strip-based mosfet. the structure of a strip-based mosfet device overcomes the limit of a cell structure. in figure 1 the geometry of the two differently conceived devices are shown. the main differences between a standard square-cell layout and the strip implementation may be better understood by inspecting figure 2. in the conventional cell structure shown, all subsequent contacts and isolation openings must be confined and aligned inside the largest square windows opened on the poly silicon layer whose side is  l  in figure 2. that dimension depends on the alignment, the resolution, and the process tolerances and can be expressed as: where:   c  is the contact dimension for the body region imposed by the resolution of the photolithography equipment;   b  is the contact dimension for the source region which depends on the alignment capability and on the metallization process;    t  is the separation (isolation) between the poly and source metal and is controlled by the alignment feature. consequently, the standard cell layout depends on three feature sizes. lc 2 b 2 t ++ =1 ()

 AN1506 - application note 3/14 figure 1. cell-based and strip-based structures of two power mosfets in the strip-based layout process an intermediate dielectric layer is obtained after growing the gate oxide and depositing the poly silicon. in such a sandwich structure parallel strips are opened through an appropriate photo masking process. after implanting the body, the source regions are created by using a sort of small rectangle (patches) masking. the longer sides of the patches are perpendicular to the strips in such a way that they do not need to be aligned within the strip but only along their spacing, which normally is larger than the opening, thus avoiding any alignment problem. the next step is to isolate the poly silicon along the stripe s periphery thanks to the spacer process. etching the dielectric material originally deposited and creating hillson the sides of the strips achieve this. finally, aluminum deposition is done in order to contact the strips, and the fabrication flow chart is completed. figure 2. cell-based and strip-based structures of two power mosfets showing the key parameters of the elemental component of the geometry l s l s source body source body c bt l cbt n p a) b) source body source n+ p n+ p n+ p-vapox poly sio2

 AN1506 - application note 4/14 the source mask does not need to be aligned within the strip itself; the only critical parameter is the width of the strip (see figure 1), which depends on the equipment resolution. as can be argued from the above description, the process benefits in a reduced number of feature sizes since it is now only dependent on a single feature size, and higher packing densities can be obtained in comparison to the conventional cell-geometry process. the new process is also named extremely high density (ehd) referring to the possibility of getting devices with very high equivalent cell densities. figure 3 compares the obtainable channel perimeter density and thus the current density of the two structures. figure 3. channel perimeter density comparison of cell-based and strip-based structures 4. static and dynamic behavior of the new device. the resulting mosfet device of the strip-based process shows very interesting characteristics: extremely high packing density and low on-state resistance, rugged avalanche characteristics, and less critical alignment steps. first of all we have selected the device stb80nf55, which was the candidate for the actual application in an ac drive. the drive is described with more details in the next section. the main electrical quantities of the component are summarized in table 1. table 1. stb80nf55 main electrical characteristics a preliminary characterization in a dc chopper working on inductive load has been done. looking for the specific application supplied at a dc bus of 24v, several commutation tests (turn on and turn off) have been done at this voltage while the current assumed a variable value. the energy losses in such conditions are reported in figure 4. linear dependence of the energy versus the switched current is evident both for the turn on and turn off transients. r on [m w ] bv dss [v] q g [nc] qsw [nc] qgd [nc] trr [ns] qrr [nc] irr [a] package 6.5 55 180 90 66 80 245 6.4 d 2 pak minimum feature size [m] channel perimeter density [cm/mm 2 ] cell-based layout strip-based layout 30 25 20 15 10 87 654 321

 AN1506 - application note 5/14 figure 4. energy losses during turn off and turn on transients versus the drain current at v ds =24v since the performances of the body-drain diode could be conveniently exploited in bridge topologies, the characteristics of this intrinsic diode have been tested. a favorable characteristic of this internal body- drain diode is its high d v /d t  capability; crucial in all bridge topologies such as motor drives or uninterruptible power supply (ups). for the used device the allowed limit is 10v/ns. finally in figure 5 the static characteristics of the new mosfet are reported. in forward conduction (positive drain voltage) the i / v  characteristic of the mosfet is traced. in reverse conduction two static characteristics are reported relative to the mosfet and the intrinsic diode: at zero source-gate voltage the current will flow exclusively as a diode current; with a gate bias voltage the current will flow through the mosfet as in the case of synchronous rectifier applications. figure 5. static characteristics of the new mosfet and its body-drain diode at a temperature of 125c e off e on 60 50 40 30 20 10 0 510152025 i [a] e [j] 150 100 50 -0 -50 -100 -150 1.5 -1 -0.5 0 0.5 1 1.5 diode mos v ds [v] i d [a]

 AN1506 - application note 6/14 5. the low voltage ac motor drive application. in the frame of a funded program aiming to develop an innovative traction system for wheelchair application, a sinusoidal brushless motor drive has been developed. the system is powered by two lead- acid batteries, which are connected in series, and the rated voltage in the dc bus is 24v, while the rated capacity is 45ah, thus the gross available energy to the traction system is about 1kwh. the innovativeness of such low voltage applications is represented by traction systems based on chopper converters feeding dc motors. generally speaking, in the past such converters required paralleled operations of many mosfets, since the on-state resistance of a single device was unacceptably high. in the case study an injected current value of 80a in the motor will cause about 0.5 v-0.7v voltage drop in the used mosfet, which is quite acceptable. the mechanical actuators of the drives are two permanent magnet brushless motors specifically designed [4], rated speed 110 rpm, rated torque 20nm, rated power 250w, rated current 15 a, number of rotor poles 16, and equipped with coaxial position transducers (absolute encoders). two-separated three-phase current-regulated pulse-width modulated (crpwm) inverters feed the motors. the two motors have separated torque references, which are simultaneously given by means of a joystick command; thus the steer action is automatically performed by control of the manipulator position. in particular cases the motors can be required to develop a peak torque, and consequently the current fed by the inverter should increase up to 70 a-80a for several tenth of seconds in order to obtain a torque five times greater than the rated one. the inverter current is controlled by a tolerance band technique [1, 2], which allows supplying sinusoidal- shaped currents which amplitudes can be changed according to the load requirements. the devices in the full bridge inverter receive the command at a switching frequency  f s  , which mainly depends on the width of the hysteresis band (between 2-4%). figure 6 reports the block diagram of the application, figure 7 the schematic of the 3-phase full bridge inverter. figure 6. block diagram of the traction system for wheelchair applications ? ? ? ? ? current reference dc-sin conversion circuit ref. a ref. b ref. c sin wave generator current error amplifier current error amplifier current error amplifier dead time circuit dead time circuit dead time circuit driver driver driver driver driver driver rotor position detector 3-phase full bridge inverter absolute encoder + + + - - - - - - -

 AN1506 - application note 7/14 figure 7. schematic of the 3-phase full bridge inverter in our case study with a figure of 4% a (quasi-constant) commutation frequency of 24.5khz has been observed. figure 8 shows the experimental traces of the three sinusoidal currents feeding the motor. the fundamental inverter frequency is 0.5hz according to the need of the low speed on the wheel shaft. figure 8. traces of the motor phase currents while the drive is operating at a fundamental frequency of 0.5hz (i a,b,c =5a/div, t=500ms/div) 5.1. power losses estimation. the device power losses are related to the switching behavior, and the on-state condition. in a generic  j - th switching cycle the energy losses at turn-on, turn-off, and on-state condition are expressed respectively by: ? ? ? ? vd (+24v) t a + t a - d a + d a - t b + d b + t b - d b - t c + d c + t c - d c - phase a phase b phase c pm motor absolute encoder

 AN1506 - application note 8/14 at a constant switching frequency  f s , the turn on, turn off and conduction power losses in a device of an inverter leg (upper or lover device), working with sinusoidal shaped waveform of the current, are expressed respectively by: where  j  is the variable accounting for the number of switching cycles per second, which in turn by definition means the switching frequency  f s . with reference to the used pwm technique, the current through the devices is sinusoidal-shaped, while the voltage across the device is the dc rail voltage maintained at constant amplitude. the use of relations (5-7), which is very simple in the case of a chopper circuit operated at constant load current [3-7], is more complicated in this case. this is due to two main reasons: the non-linearity of both the instantaneous voltage v ds  and the instantaneous current  i d  during the switching transient, and the sinusoidal variation of the load current. from inspection of the data reported in figure 4 we can observe the nonlinear trend of the switching losses as function of the amplitude of the drain current at a constant clamp voltage. thus, obtaining any closed equation from relations (5-6) is practically prevented. equation (7) can be evaluated straightforward by a simple formula according to the following consideration. with reference to the used pwm technique, the current through the devices is sinusoidal- shaped (figure 9), while the voltage across the devices is the constant dc rail. due to the use of the body- drain diodes as antiparallel devices, while for example an upper device of the inverter leg is in turn off condition a positive current will flow through the body diode of the lower device [8-9]. this happens surely during the dead time of the inverter, but the current can switch in the channel of the lower mosfet once its gate is positive biased. the same behavior applies for the lower device in blocking state and the upper device conducting firstly through the diode and then through the channel. hence, that means from an effective point of view that the conduction losses of a switch during a fundamental period  t 1  of the carrier are due to half sinusoidal waveform of the current. in fact, the current flows e on j  v ds j  i dj  t d 0 t on j   =2 () e off j  v ds j  i dj  t d 0 t off j   =3 () e con j  v ds j  i dj  tr on i 2 dj  t d 0 t con j   = d 0 t con j   =4 () p on 1 2 -- - jv ds j  i dj  t d 0 t on j   1 f s ? =5 () p off 1 2 -- - jv ds j  i dj  t d 0 t off j   1 f s ? =6 () p con 1 2 -- - jr on i 2 dj  t d 0 t con j   1 f s ? =7 ()

 AN1506 - application note 9/14 through the mosfet (forward conduction, positive current) or through the intrinsic diode (dead time, and reverse current), or through the mosfet in reverse conduction and gate biased. figure 9. sinusoidal-shaped current through the upper device and the lower device (first half period), and vice-versa in the second half period the behavior of the mosfet while it is in such a reverse conduction, via the intrinsic body diode or via the channel, is clearly shown in figure 10, where the time interval adopted as dead time of the inverter is also evident. accordingly, the conduction power loss can be calculated by: finally the total power losses can be evaluated by: vd (+24v) t a + d a + i ta + t a - d a - i ta - i l i ta + i l i ta - p con j 1 f s ? r on 0 i con j   i 2 dj  dt r on 1 t 1 ----- 21 rms 2 p t 1 ------ sin t ? ?? 0 t 12   dt = @ = p con 0.5 r on i 2 rms =8 () p tot p on p off 0.5 ++ r on i 2 rms =9 ()

 AN1506 - application note 10/14 figure 10. reverse conduction of the power mosfet through the intrinsic body diode or through the channel (i d =5a/div, v f =0.5v/div, v gs =5 v/div, t=5ms/div) 5.2. power losses measurement from the thermal behavior. the total power losses p tot , in the steady-state conditions as before described, are related to the actual heat sink temperature by relation: where t h  is the heat sink temperature, t a  is the ambient temperature (25c), and r th, ha  is the thermal resistance between the heat sink and the ambient. relation (10) can be used to indirectly measure the total power losses, by measuring the ambient and heat sink temperatures and knowing the thermal resistance. first of all the thermal resistance has been experimentally established, by means of a specific test with known power condition, at r th, ha =15c/w accounting for the actual layout. hence, the total power losses expressed by relation (9) have been evaluated by (10) measuring the temperatures in the prototype in several loaded conditions. a separation in switching and conduction power losses has been carried out by calculating p con  through equation (8) and p sw  as difference of the total and the conduction power losses. the main results obtained are reported in the table 2. the same test procedure has been repeated with a different hysteresis band (about 18%), which implies a different ripple on the phase currents of the motor, in order to determine the influence of the switching frequency on the thermal behavior of the devices. in such a condition the switching frequency reduced to 1khz. the traces of the motor currents for this new operating condition are reported in figure 11. the p tot t h t a C r th ha , ------------------ - = 10 ()

 AN1506 - application note 11/14 ripple is increased but is still tolerable. in figure 12 the whole results of the two test conditions with different switching frequencies are given; the traces are relative to the total power losses and the conduction ones. table 2. thermal behavior of the power mosfet at different load conditions: hysteresis band 4% figure 11. experimental traces of the phase currents. the switching frequency of the inverter is 1khz as consequence of the increased tolerance band of the hysteresis comparators (i a =10a/div, t=50ms/div) i [a] t h [c] p tot [w] p con [w] p sw [w] r ds(on) [m w ] 5.74 50.2 1.68 0.06 1.62 6.90 9.08 60.8 2.39 0.15 2.24 7.22 10.30 64.3 2.62 0.19 2.43 7.32 13.13 71.3 3.08 0.32 2.76 7.53 15.00 76.0 3.40 0.43 2.97 7.68 19.70 95.0 4.67 0.80 3.87 8.25

 AN1506 - application note 12/14 figure 12. total power losses at two switching frequencies (1khz and 24.5khz), and conduction losses in a power mosfet of the inverter leg 6. conclusion. a full characterization of the device has been presented. first of all the mosfet has been tested in order to evaluate the static and dynamic performances by traditional procedures. then the device behavior has been investigated in a conventional chopper circuit, and several switching cycles have been performed in order to define, at constant clamp voltage, the trend of the energy losses as function of the drain current. a full characterization on a specific battery-powered converter has been presented and discussed. in particular, an analysis of the power losses has been previously carried out aiming to calculate and separate the switching and conduction contributions in such an application. finally an experimental validation by a steady state thermal behavior has been performed to apply the analytical relations that have been determined. the results are interesting thus encouraging the use of the internal diode as antiparallel diode. in conclusion, the power mosfets presented has been demonstrated to be very suitable for inverter bridges in the field of commercial and industrial applications working at low voltage.

 AN1506 - application note 13/14 references: [1] b. j. baliga,  power semiconductor devices , pws publishing company, boston, ma, 1995. [2] f. di giovanni, a. magri, stripfet, innovative low voltage power mosfets, proceedings  of the power conversion intelligent motion conference , june 1998, nuremberg, germany [3] n. mohan, t. m. undeland, w. p. robbins,  power electronics: converters, applications, and design , second edition, john wiley & sons, new york, 1995. [4] a. di napoli, f. caricchi, f. crescimbini, g. noia, design criteria of a low-speed axial-flux pm synchronous machine, international conference on evolution and modern aspects of synchronous machines, zurich, august 25-27, 1991, pp.834-839. [5] m. h. rashid,  power electronics, circuits, devices, and applications , second edition, prentice hall, inc., englewood cliffs, new jersey, 1993. [6] g. t. galyon, j. cardinal. p. j. singh, j. newcomer, w. lorenz, k. chu, static and dynamic testing of power mosfets,  sixteenth annual ieee applied power electronics conference and exposition , anaheim, usa, march 2001, pp. 230-237. [7] a. fiel, t. wu, mosfets failure modes in the zero-voltage-switched full-bridge switching mode power supply applications,  sixteenth annual ieee applied power electronics conference and exposition , anaheim, usa, march 2001, pp. 1247-1252. [8] j. j. huselstein, c. gauthier, c. glaize, use of the mosfet channel reverse conduction in an inverter for suppression of the integral diode recovery current,  record of the european power electronics conference,  brighton, united kingdom, september 1993, pp. 431-436. [9] m. peppel, b. weis, optimized reverse diode operation of power mosfets,  conference record of the 2000 i eee i ndustry applications conference,  roma, italy, october 2000, pp. 2961-2965.

 AN1506 - application note 14/14 information furnished is believed to be accurate and reliable. however, stmicroelectronics assumes no responsibility for the consequences of use of such information nor for any infringement of patents or other rights of third parties which may result from its use. no license is granted by implication or otherwise under any patent or patent rights of stmicroelectronics. specification mentioned in this publication are subject to change without notice. this publication supersedes and replaces all information previously supplied. stmicroelectronics products are not authorized for use as critical components in life support devices or systems without express written approval of stmicroelectronics. the st logo is a registered trademark of stmicroelectronics ? 2002 stmicroelectronics - printed in italy - all rights reserved stmicroelectronics group of companies australia - brazil - canada - china - finland - france - germany - hong kong - india - isreal - italy - japan - malaysia -  malta - morocco - singapore - spain - sweden - switzerland - united kingdom - u.s.a. http://www.st.com
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